I. INTRODUCTION
The aim of this paper is to investigate the effect of the pattern distance on the overall growth of electroless metal nanoparticle (NP) aggregates. At this purpose, we utilized a combined experimental and theoretical approach, where the theoretical approach is based on a diffusion limited aggregation (DLA) model, while the experimental approach couples electron beam lithography and electroless deposition to obtain clusters of metal nanoparticles with the desired characteristics.
Nanotechnology is a new science concerned with the study and the fabrication of devices whose size is, in at least a dimension, comprised in the nanometer range. 1 On account of their small scales, similar devices may directly interact with biological objects (from cells, as large as ten microns, to biomolecules or viruses, sizing few nanometers or less), paving the way to breakthrough strategies in fields like medicine and biotechnology, 2 for a variety of applications which include, but are not restricted to, the early detection and diagnosis of cancers or other pathologies. 3 Surface enhanced Raman scattering (SERS) substrates represent an important subset of early detection platforms. 4 SERS substrates are typically made of nanostructured metal a) Electronic mail: gentile@unicz.it materials, at the close proximity of which the electromagnetic (EM) field is locally amplified because of the resonant interaction with the surface plasmons in the metal. 5 The EM signal may be amplified by several orders of magnitude, and this permits to augment the efficiency of Raman and other spectroscopies, to recognize biological analytes in heretofore unattainable abundance ranges. 4 The efficiency of SERS depends upon the size and shape (that is, the geometry) of the metal nanostructures, which interact with the EM radiation. 6 Therefore, understanding and controlling the organization of atoms into ordered systems can possibly improve the performance of metal nanomaterials as efficient SERS devices. The correct understanding of similar mechanisms represents the new frontier in materials science. [7] [8] [9] [10] For all this, there is an ever increasing interest in investigating processes that may manipulate matter at the molecular, nanoparticle, and colloidal level to create nanostructures with the desired characteristics.
In these regards, recently, a promising fabrication technique has been proposed for the formation of aggregates of metal nanoparticles in which the size and shape of these aggregates can be controlled with good accuracy. 11 The cited technique is based on a multistage procedure where, at a first stage 1, a patterning technique (that is, electron beam lithography) is utilized to prepare the motif where, and at a second stage 2, metal atoms are deposited using an innovative electroless deposition process. 11 This breakthrough technique couples bottom-up and top-down approaches to afford exact control over the shape and size of bi-and three-dimensional metal patterns at the nanoscale.
Electroless plating is a deposition technique in which metal ions are reduced as atoms on specific patterned sites of a silicon surface. In Figs. 1(a) and 1(b), we show the preparation of a similar pattern, which is realized using high resolution electron beam lithography. The electron beam exposes the sensitive resist (that is, PMMA) spun on the silicon substrate, to create an array of holes in which the size and distance of those holes may be arbitrarily regulated. Figure 1 (c) shows a magnified portion of the cited pattern upon the removal of the resist from the holes. In this configuration, the portion of fresh silicon substrate exposed to growth (that is, the electroactive deposition sites) is limited to the pattern of circles, while the residual PMMA prevents the deposition of metal ions in the remaining parts of the substrate. Therefore, Fig. 1(c) shows an ensemble of diffusing metal ions in the batch solution, where these ions are candidate for being deposited, via electroless, on the circular patterned sites. In Fig. 1(c) , we clearly distinguish between the inert PMMA resist, where no deposition may occur, and the active silicon substrate, where instead silver ions may react to form clusters of those ions. In Fig. 1(d) , we show a schematic representation of a growth stopped at the early time of the process, which is why the patterns look partially empty. The figure is purely illustrative: in this case, we show a cluster of isolated nanoparticles. Depending on the conditions of growth, one can obtain either compact or discontinuous/fractal structures.
In electroless growth, metal deposition is realized by means of a direct redox reaction that takes place between the silver ions and the silicon to form the desired nanoparticles. 12, 13 In Ref. 11, this scheme was utilized for realizing silver nanolenses, where an exquisite control of the geometry is the key attribute of a device that is capable of amplifying the electromagnetic radiation for applications in SERS spectroscopy.
In the formation of the super-clusters of metal atoms, the kinetics of reaction is nearly two orders of magnitude faster than diffusion, which can be therefore disregarded. This implies that a generic electroless aggregate can be correctly described by a stochastic, DLA model 12, 14, 15 where ions, undergoing a random walk due to Brownian motion, cluster together to form aggregates of such ions, revealing a fractal motif. 14, 16 DLA founds upon the paradigm that, in the limit of very fast chemical reactions, diffusion is the sole driving force that regulates the dynamics of aggregation of NPs.
DLA is a simulation method based on simple algorithms, which is capable of providing valuable help in understanding natural process, in alternative to models that instead make use of analytical solution of equations. 17 Indeed, in many In realizing metal nanostructures, here a technique is used that couples bottom-up and top-down approaches to afford exact control over the shape and size of bi-and three-dimensional patterns. In (a) and (b), we show the preparation of a pattern realized using high resolution electron beam lithography. The electron beam exposes the sensitive resist (that is, PMMA) spun on the silicon substrate, to create a pattern of holes in which the size and distance of those holes may be regulated arbitrarily. (c) A magnified portion of the cited pattern upon the removal of the resist from the holes (and from the holes solely). In this configuration, the portion of fresh silicon substrate exposed to growth (that is, the electroactive deposition sites) is limited to the pattern of circles, while the residual PMMA prevents the deposition of metal ions in the remaining parts of the substrate. Therefore, (c) shows an ensemble of diffusing metal ions in the batch solution, where these ions are candidates for being deposited, via electroless, on the circular patterned sites; we may clearly distinguish between the inert PMMA resist, where no deposition may occur, and the active silicon substrate, where instead silver ions may react to form clusters of those ions. In (d), we show a schematic representation of a growth stopped at the early time of the process, which is why the patterns look partially empty. The figure is purely illustrative; in this case, we show a cluster of isolated nanoparticles. Depending on the conditions of growth, one can obtain either compact or discontinuous/fractal structures.
situations, it is possible to model a system by entities that diffuse and occasionally react upon encounter each other. These systems are governed by two time scales: the diffusion time, which is the characteristic time required for two particles to meet, and the reaction time, which is the characteristic time for particles to react when held in proximity (within the reaction range) to each other. When the diffusion time dominates over the reaction time, the process is limited by diffusion. DLA is formally regulated by certain rules, which can be found, for example, in Refs. 14 and 16, and are here recapitulated in Sec. II. Proposed for the first time in the pioneering works of Witten and Sander in the early 1980s, 16 this numerical framework is very well understood and has been utilized, to name a few examples, to reproduce the process of electrodeposition in single wells, 7 to investigate the role of sedimentation and buoyancy on the kinetics of colloidal aggregation, 18 to describe solute percolation in soils, 19 to describe the early stages of thin-film growth at an atomistic scale, 20 and to gain insight into physical phenomena including the annealing of defects in crystals 21 and the electron hole recombination. 22 In a recent work, 14 we utilized a similar DLA approach to describe the nature of electroless metal nanomaterials in aggregates in which the size of the patterns was varied over a significant range. The present manuscript broadens this DLA model to include the effect of pattern distance in the analysis; therefore, it expands and improves the scheme introduced in Ref. 14. On changing the distance d between the patterns of silicon exposed to metal ions deposition (Fig.  2) , we observed that the packing factor j of the aggregates increases with d in the low distance range (that is, smaller than three times the diameter); instead, when the distance is sufficiently large (that is, larger than three times the diameter), j settles down to a constant value. Therefore, an interparticle spacing corresponding to three times the pattern size is a limiting value of distance below which the inference of adjacent groups of metal nanoparticle clusters would impair the efficiency of growth, and above which the growth would be unaffected by changing d. These findings were supported by direct experiments. Utilizing convenient experimental conditions, we obtained a range of aggregates of silver atoms and particles with varying pattern distance; lately, we imaged those aggregates using atomic force and scanning electron microscopy. We introduced nonconventional variables, including the fractal dimension and the packing factor, to realize a comparison between theory and experiments on a quantitative basis. In doing this, we found a good match between experiments and theory.
In the discussion, we showed how this concept can be used to fabricate ordered arrays of silver nanospheres, where the size of those spheres may be regulated on varying the pattern distance, for applications in biosensing and single molecule detection.
II. MODELING
A. Using DLA simulations to reproduce particle growth
The mechanism of metal growth was reproduced under the assumption of a DLA process. This assumption is true when diffusion dominates over chemical reaction or, equivalently, when the kinetics of metal reduction is extremely FIG. 2. (Color online) (a) Particle moving a stochastic, random walk. At any step, the probability distribution of the direction of movement is uniform or flat, with events equally likely to occur anywhere within the interval from 0 to 2 p. (b) Schematic representation of the DLA process and typical pattern of migration of a particle. (c) An example of a typical numerical DLA growth in a pattern constituted by a couple of electroactive deposition sites, where the dimensions of the atoms has been exaggerated for illustrative purposes. In practice, (c) illustrates the final result of a simulated electroless deposition process, realized in the same system reproduced in (b). On the fresh silicon substrate, ions may cluster to form isolated structures, or complex geometries. The complex, random (Brownian) nature of the DLA model here utilized, is responsible for the fractal nature of these numerical aggregates. Under certain experimental conditions, real electroless deposits reveal a clear multibranched structure, which recalls the DLA aggregates. This is the case of the SEM images in (d), where the temperature and time of deposition were arbitrarily chosen to overboost the electroless reaction: for this configuration, the process yields a hierarchal structure, where multiple particles are present in a single active site. fast. The model makes it possible to decipher, at an atomic level, the rules governing the evolution of the growth front, and to explore ways to tailor film morphology to obtain specific characteristics. 16, 20 The choice of using here a DLA model, where diffusion dominates over chemical reactions, is motivated by a number of observations, widely reported in literature, where electroless method produces dendritic nanostructures, with stems, branches, and leaves. 15, 23 These fractal structures are generally observed in nonequilibrium growth processes, and DLA is one of the most suitable approach for their description. 12, 15, 24 The model utilized here speculates that, if a diffusing atom sticks to the aggregate where it hits the aggregate, then fractal geometries will be formed. It neglects mechanisms such as 1) adatom diffusion on terraces and nucleation of islands or 2) diffusion along island edges, a detailed description of which is instead included in Ref. 20 . Therefore, the introduced model is a simplified hit and stick DLA (which is sometimes called, after Zhang et al., 20 regime I of fractal like growth, with zero local relaxation), where it is assumed that surface diffusion is much slower that the diffusion of silver ions in the bulk solution (or, alternatively, that surface diffusion is hindered by the large barrier between the sites). DLA may be improved to include the effect of diffusion on the surface, simply decreasing the probability p of sticking upon contact, that in the present configuration is fixed as p ¼ 1 (that is, a deterministic process). In doing so, we would obtain an extended fractal growth (or regime II of DLA) where (differently from the regime I) the thickness b of the branches in a fractal set would be well larger than one atom (and thus, b > 1). In our model, p is an explicit variable, which was voluntarily set as p ¼ 1 for computational convenience. Nevertheless, it may be arbitrarily changed to assume any real value comprised between 0 and 1 to relax the constraint of a zero local relaxation (in this new regime II, an atom arriving at the edge of an island would have additional time to relax to a more favorable site before it is pinned in the position by the arrival of another atom). This more sophisticated version of DLA model would lead to more compact aggregates of atoms compared to the fractal, strongly anisotropic numerical clusters that are shown in the present paper.
Despite this, the basic DLA model we used here revealed itself effective in capturing the basic mechanism of particle growth as a function of pattern distance, as largely demonstrated in the results presented in the paper. Any further evaluation of the model can possibly lead to a more accurate description of the evolution of the growth front over time. Nevertheless, this understanding goes beyond the purpose of the present paper and is left for future work.
In our model, the displacement of a metal ion, at any time, is arbitrary, and thus, the trajectory of the ions can be correctly described by a random walk, as to resemble a Brownian motion [ Fig. 2(a) ]. Brownian motion is a continuous-time probabilistic process: its use here is motivated by mathematical convenience and the accuracy of the model to describe an otherwise complex phenomenon.
At very short time scales, the motion of a ion undergoing Brownian motion is dominated by its inertia and its displacement will be linearly dependent on time, Dx ¼ v s. This can be reproduced or simulated in a regular grid [ Fig. 2(b) ] where ions are dislodged by the finite distance Dx in the time interval s, which is the mean time between collisions. The instantaneous velocity of the ions, v, is maintained constant during s, and it would depend solely upon the energy of the system. The distribution of displacements probability of the Brownian particle itself is best described using a Gaussian density function, centered around the origin of the walk, which means that the most probable position of a ion after a sufficiently large number of steps is paradoxically its original position. The root mean square distance of the walk gives a measure of the extent of spread of the ion ensemble, and this would be proportional to time 25
where x, y, and r are the Cartesian coordinates in the plane, while the celebrated Stokes-Einstein equation may be used to derive the diffusion coefficient
where k b is the Boltzmann constant, T the absolute temperature of the system, l the viscosity of the medium, and a is the diameter of an ion with mass m. D can be alternatively expressed in terms of Dx and s as
where the kinetic theory of gases has been used for obtaining the right hand term of Eq. (3). 25 Notice that, on comparing Eqs. (2) and (3), given the results of the simulations, the behavior of the real system would be determined. For the present configuration, the variables of the system, including the temperature T, the mass m and diameter a of the dislodging ions, and the viscosity of the medium, assume prescribed values as recapitulated in Table I .
This concept was used here to simulate the deposition of metal ions in a patterned silicon substrate, where the number of patterns is restricted to two, and their distance can vary Dx=v over a significant range. Consider, for ease of visualization, the scheme in Fig. 2(b) . At a distance l from the wells, N ions are simultaneously released in the system, where N should be chosen with care to reproduce the initial concentration of silver ions. At any cycle, the particles move within a regular square pattern of cells by one lattice unit (l.u.), and thus, the mean path length is Dx ¼ 1 (l.u.). At the side boundaries (which are, the left and the right) of the domain, periodic boundary conditions are imposed, and when an individual ion passes through one of those faces, it instantaneously reappears on the opposite face with the same velocity. In topological terms, the plane can be thought of as being mapped onto a torus; by doing so, an infinite perfect tiling of the system is simulated in the longitudinal direction, and this accounts for the fact that the area of the wells is small compared to the area above the wells. At the upper boundary of the system, and at the side walls of the wells, a bouncing condition is imposed, whereby the ions which collide with those boundaries would rebound in an opposite direction. At the lower border of the system: the seeds n 1 , n 2 represent the regions of fresh silicon substrate exposed to growth. Their distance d can be conveniently adjusted according to the problem at study. Therefore, n 1 þ n 2 is a discontinuous line of nucleation sites. The structure of the aggregate b(t) would depend upon d as explained in Sec. IV. When an ion migrates to touch n 1 or n 2 , it stops, it is incorporated by either n 1 or n 2 , and then the size of the overall aggregate is augmented by one unit. Simultaneously, a new particle is instantaneously created and randomly positioned in the upper region of the domain; in doing so, the total number of ions n is kept constant during the process. After a certain number of repetitions, a binary system of aggregates is formed as in Fig. 2(c) . The multibranched arrangement of particles recalls the dendrite, fractal nature that electroless grown systems reveal under certain growth conditions [ Fig. 2(d) ]. Therefore, in Fig. 2(c) , we show an example of a typical numerical DLA growth in a pattern constituted by a couple of electroactive deposition sites, where the dimensions of the atoms has been exaggerated for illustrative purposes. DLA may correctly reproduce the real electroless process solely if the metal ions are deposited on specific sites of the substrate, being the silicon regions from which the PMMA resist has been removed.
On the fresh silicon substrate, ions may cluster to form isolated structures or complex geometries. The complex, random (Brownian) nature of the DLA model is responsible for the fractal nature of these numerical aggregates. Under certain experimental conditions, real electroless deposits reveal a clear multibranched structure that recalls the DLA aggregates. This is the case of the SEM images in Fig. 2(d) , where the temperature and time of deposition were arbitrarily chosen to over-boost the electroless reaction: for this configuration, the process yields a hierarchal structure, where multiple particles are present in a single active site.
For the configurations considered in the work, the parameters of the simulations were adjusted as follows. The simulation was halted after a number of iterations Ni ¼ O (10 10 ). The total number of ions in the solution N and the length of each seed were hold fixed, being N ¼ 2000, length (n 1 ) ¼ length (n 2 ) ¼ 25 (l.u.). The distance between the seeds d was steadily changed from 25 to 100 (l.u.) (that is, from 1 to 4 times the length of each seed). Considering that the mean path length is about Dx $ 1/2 nm (Table I) , the scale factor of the problem is 2, and thus 25 (l.u.) would roughly correspond to 12.5 nm in the real system.
The structure of clusters of occupied lattice sites [ Fig.  2(c) ] exhibits geometric scaling relationships, which are characteristic of fractals and can be used to estimate an effective fractal dimensionality Df, which has a value of about 5/3. The fractal dimension is a parameter that can be used to describe intimately the topography of a variety of systems, especially at the nanoscales. The concept of fractal dimension, and the techniques needed to derive it, are recapitulated in Ref. 27 and are recalled here in the following of the Modeling section. The importance of Df resides in the fact that it is used in the definition of certain parameters or properties which describe the deposit.
As for an instance, the thickness Q of the aggregate scales with the total number of deposited atoms n, as
the fractal dimension is also correlated to the distribution or number I of clusters with size S as a function of cluster size
Most importantly, the mean cluster size can be deduced and correlated with n via a very simple power law, being
and thus, given n that can be easily calculated, the mean cluster size would be readily derived. The packing factor j can be therefore obtained as the ratio of S to the size of a single pattern, j ¼ S/d. In the following, j is determined and compared for numerical and experimental particles assemblies as a function of the inter-pattern distance d.
B. Deriving the fractal dimension of the DLA aggregates
Fractals are mathematical objects that are too irregular to be described by conventional geometry. They all retain, to different extents, certain properties that may be reviewed as follows: 1) they reveal details on arbitrarily small scales (fine structure); 2) they can be generated (and thus described) by short algorithms (perhaps recursively); 3) they exhibit a fractal dimension Df strictly greater than the classical topological dimension. 30 The fractal dimension of the aggregates was derived from their characteristic power spectrum density function C(q).
The power spectrum delivers significant information regarding the microstructure of the systems at study. In the case of self-affine structures, for which a rescale in the planar coordinates x!bx and y!by is accompanied by a rescaling in the normal direction z (bf)!bHz(f), the power spectrum C(q) takes the form
where q is the wave number, related to the characteristic wavelength k as q ¼ 2p/k; q o is the lower cut-off wavenumber corresponding to an upper cut-off wavelength
Therefore, if one can determine the power spectrum of a set of points, the corresponding fractal dimension would be readily derived from a simple graphical procedure.
The power spectrum of DLA aggregates, in turn, can be derived from a pair correlation analysis. The pair correlation function g(r) is related to the probability of finding the center of a particle at a given distance r from the center of another particle. For short distances, this is related to how the particles are packed together. Here we provide a simple algorithm following which g(r) was calculated.
One should choose and fix a value of dr sufficiently small. Therefore, for all the values of r considered for the analysis, the following steps of a procedure should be repeated: 1) count the particles positioned at a distance comprised between r and r þ dr from the reference particle. Those are all particles in a circular shell, with thickness dr, surrounding the reference particle. 2) Divide your total count by the number of reference particles you considered. 3) Divide this number by 2pr dr, that is, the area of the circular shell. This accounts for the fact that as r gets larger, for trivial reasons you find more particles with the given separation. 4) Divide this by the particle number density. This ensures that g(r) ¼ 1 for data with no structure. 5) The resulting value is the value of the pair correlation function at the specific distance r, g(r).
III. EXPERIMENT
Silver NPs (and thus clusters of silver atoms) and aggregates of silver NPs (and thus super-clusters of silver atoms) were obtained, in which the spacing of the patterns was varied over a significant range. The diameter d of the patterns was instead hold fixed, being d ¼ 10 lm, which is sufficiently large to have a statistically significant number of nanometric grains during the growth. An electroless deposition method was utilized to form nanoparticulates with the desired characteristics. The internal structure of those aggregates was analyzed through direct SEM and AFM imaging; from those images, in turn, certain variables were extracted, including the average cluster size and the ratio of the average cluster size to the pattern diameter, to yield objective information the topography of the systems at study. Therefore, this information was explained within the framework of a DLA model. Hydrofluoric (HF) acid and silver nitrate (AgNO 3 ) were purchased from Carlo Erba. Deionized water was used for all experiments. All chemicals, unless mentioned otherwise, were of analytical grade and were used as received.
A. Fabrication of silver NPs aggregates
Clusters of metal NPs were realized. These are cylindrical patterns or holes of fresh silicon, with a variable pitch and a constant diameter, which were exposed to electroless deposition for the formation of silver NPs aggregates. (100) silicon wafers (Jocam, Milan, Italy) were cleaned with acetone and isopropanol to remove possible contaminant and then etched with a 4% wet HF solution. The wafers were then rinsed with D.I. water and dried with N 2 . Standard optical lithography techniques (Karl Suss Mask Aligner MA 45, Suss MicroTec GA, Garching, Germany) were utilized to obtain variable spacing disks within a layer of positive resist (S1813, Rohm and Haas) that was spin-coated onto clean silicon wafers. The sample was then dipped in a 0.15 M HF solution containing 1 mM silver nitrate (AgNO 3 ) for 60 s at a constant temperature T ¼ 313 K. By doing so, Ag-metal particles were deposited on the lithographically predefined areas (which are the cylindrical cavities as described above) where the reduction of oxidized metallic species produced the formation of neutral metal atoms. 11 The device was then washed with water at room temperature to stop the reaction and with D.I. water at 50 C. Finally, the sample was dried under nitrogen flux. The masks necessary for optical lithography were fabricated using standard electron beam lithography (Crestec CABL-9000C Electron beam lithography system) methods, using batch files conveniently generated on the basis of a criterion of rational design described in Ref. 31 .
In growing the intended structures, the total silicon surface exposed to growth is maintained constant in different experiments. For every considered configuration, this area, and with that the total volume of the wells, is small compared to the volume of solution. Therefore, electroless deposition always takes place in the presence of an excess of solute (that is, metal ions), regardless the total area of the pattern interested to growth. What are really important are the local concentrations effects, that is, to which extent metal ions are available to growth in close proximity of a pattern. Consider Figure 7 in Appendix A for ease of visualization. Every pattern (well) would have a certain number N of metal ions immediately above and beside it, comprised in certain region of interest. These particles represent the candidates for being deposited in a single pattern in a given amount of time. When the patterns are sufficiently close, the cited regions of interest would to a certain extent superimpose, and thus, the free particles available for growth would reduce per each pattern. This would depend on the pattern distance in the paper; we unreveal in Fig. 5(e) this dependence.
B. Sample SEM characterization SEM images of the samples were captured using a Dual Beam (SEM-FIB) -FEI Nova 600 NanoLab system. During the acquisitions, beam energy of 15 keV and corresponding electron current of 0.14 nA were used. The clusters of NPs were imaged employing the mode 2 configuration, whereby images can be magnified over 2 500 000 of times and ultrahigh resolution may be achieved.
C. Sample AFM characterization
Atomic force microscopy (Veeco MultiMode with NanoScope V controller) was used for the measurements of the nanostructures. All the measurements were performed in a dry environment in intermittent contact mode over a sampling area of 500 Â 500 nm 2 . Room temperature was hold fixed for all the acquisitions. Ultrasharp Si probes (ACLA-SS, AppNano) with a nominal tip radius less than 5 nm were used for high resolution. Multiple measurements were done in different scan directions to prove the avoidance of artifacts. The images had a resolution of 1024 Â 1024 points and were acquired at a scanning rate of 1 Hz. The images obtained were processed with the WSxMV R software, using either flattening or plane fit according to the relief characteristics, with the minimal polynomial order needed. Using conventional mathematical procedures implemented in MathematicaV R , the mean cluster size S and packing factor j for each system were determined.
IV. RESULTS AND DISCUSSION

A. Fabrication of clusters of silver nanoparticles
The idea that the formation of silver supramolecular structures is influenced by the spacing of those structures originated from the observation that, in growing metal clusters where the pattern distance is varied over a significant range, the morphology of the surface varies with the pattern distance. In Fig. 3 , SEM images show silver nanoparticle aggregates in patterns where their distance varies from fractions [that is, d ¼ 0.5d, Fig. 3(a) ] to several times the diameter [that is, d ¼ 2d, Fig. 3(b), d ¼ 2d, Fig. 3(c) ] of those patterns. The metal grains are disposed in the plane as to form random cluster of nanoparticles, where the size and number of particles in a network varies moving from Figs. 3(a) to 3(c) . This is even more evident in Fig. 3(d) (adjacent patterns,  d ¼ 2d) and Fig. 3(e) (separated patterns, d ¼ 4d) : larger magnification SEM images reveal that the morphology of metal clusters is significantly influenced by the spacing of the patterns in which silver nanoparticles are deposited. To support this intuition, the electroless formation of superclusters of silver nanoparticles was investigated systematically.
Circular patterns were fabricated with a fixed diameter d ¼10 lm, and a pattern distance ranging from one to four times d, and thus 1 f 4, where f ¼ d = d is the ratio of the distance to the pattern diameter. In doing so, the diameter of the lithographed pattern is sufficiently large to comprehend a large number of nanograins upon growth. The resulting structures were therefore verified using direct SEM and AFM imaging and, from the analysis of those images, the average cluster size was derived as a function of the pattern distance.
SEM micrographs reveal details of the nanoparticles aggregates at the smaller scales for either small [f ¼ 1, Figs (15 000Â) and high (50 000Â) magnification factor, it can be observed that the nanograins are randomly distributed over the lithographed silicon surface, with a cluster size S that increases with the non-dimensional distance f and that, on average, is smaller for f ¼ 1 compared to f ¼ 4. Standard image analysis algorithms were utilized to gain quantitative information from those images. The grain size distribution was deduced and reported, in form of a bar chart, for f ¼ 1 and f ¼ 4 in Figs. 4(c) and 4(g) respectively. From those distributions, the average cluster size was derived, being S ¼ 8264 nm for the dense close-packing of patterns (f ¼ 1), and S ¼ 14869 nm for the scattered-packing of patterns (f ¼ 4). Notice that the frequency distributions are skewed (that is, nonsymmetric), whereby the tails on the right side are considerably longer relative to the left side and this means that, for a given configuration, larger particles are less frequent than smaller ones. Considering that skewed data often occur due to lower or upper bounds on the data, this effect can be ascribed to the fact that the dimension of the particles must be non-negative, and accordingly, they would have a left/low bound of 0 nm.
The histograms, shown in Fig. 4 for the limiting cases f ¼ (1,4) solely, were derived for all the values of f in the considered range of pattern distances and indicate that the cluster size smoothly transitions from small to large values for increasing pattern distance. Moreover, this effect saturates with f, as reported in the table of Fig. 5(d) .
Also notice, on observing the clusters of silver nanoparticles deposited on different circular patterned surfaces [Figs. 4(a) and 4(e)], the growth is more pronounced at the borders or edges of those patterns. This effect can be ascribed to a nonuniform distribution of surface energy density, which, at the edges, is larger than on flat surfaces, as explained in Appendix B.
Finally, the AFM profiles of the same aggregates, reported in Fig. 4(d) for f ¼ 1, and Fig. 4(h) for f ¼ 4, support the finding that, on growing silver NPs in patterns with variable distance, the efficiency of growth increases with f, where with efficiency we mean the tendency of the process to form few, larger, and continuous clusters (f ¼ 4), in opposition to more and smaller ones (f ¼ 1). This is confirmed by the characteristic packing factor j derived for all the structures under examination and reported in the table of Fig.  5(d) . The packing factor is defined as the ratio of the cluster size to the pattern diameter; it gives a measure of the packing density of the systems: the larger j, the lower the number of gaps or discontinuities in a pattern.
B. Simulating the formation of clusters of silver nanoparticles
These results were recapitulated within the framework of a DLA model. Pair aggregates were produced with the pattern distance varying from low (that is, f ¼ 1) to large (that is, f ¼ 4) values of f, as explained in the Modeling section. Examples of such aggregates are reported in Fig. 5(a) (f ¼ 1) and Fig. 5(b) (f ¼ 4) . These diagrams demonstrate the dependency of the velocity of particle deposition on f, whereby the size of the aggregates n augments for increasing pattern distance. Also notice that the number I of branches or clusters increases for f moving from 1 to 4. Per each configuration, a pair correlation analysis [ Fig. 5(c) ] was used to calculate the fractal dimension of those aggregates, that is, Df ¼ 5/3. This dimension, in turn, was used to determine the mean numerical cluster size S [Eq. (6)] and thus the packing factor j that is reported, for all the considered f, in the table of Fig. 5(d) . The cluster size, for a numerical lattice of particles, has the meaning of the minimum correlation distance defining subsets of those particles with some inner structure. On observing Figs. 5(a) and 5(b), one can notice how the clusters are all the branches or trees, which stem from the main body of the aggregates. In Fig. 5(e) , the solid line represents the DLA packing factor j as a function of f; in the same diagram, the points in light green describe the packing degree of the experimental clusters. The theoretical model recovers the experimental results with appreciable accuracy, and both confirm that, while the packing factor increases with the pattern distance, this effect gradually reduces with f. When f is sufficiently large, the electroless silver deposition would not depend on the pattern distance. In the presented analysis, we used a distance normalized to the diameter of the pattern and this would set us free from a specific pattern size. In other words, the diagram presented in Fig. 5(e) is a very general result that predicts that for, a generic pattern size, the packing factor (that is somehow correlated to the characteristic length scale) of a structure may vary from 1 to 3 times its initial value, on changing the pattern distance from 1 to 3 times the pattern diameter. This understanding may be combined with the effect of pattern size obtained in Ref. 14 to yield a complete description of electroless deposition as a function of the geometry of the substrate.
C. Discussion
The discovery of fundamental principles of how nanoscale systems of building blocks assemble enables to engineer new nanomaterials with enhanced properties compared to their macroscopic counterparts. [32] [33] [34] This would be the case of metal nanomaterials, toward which there is a mounting interest for a variety of factors that include, but are not restricted to, an uncommon ability of interacting with light, 35 small sizes, at which much of biology occurs, 2 a high degree of biocompatibility, 36, 37 not complicated procedures for biofunctionalization 38, 39 and elevated surface to volume ratios. 40, 41 Some of the cited properties may constitute the ground for new families of advanced devices, and especially SERS devices, with augmented functions for applications in biology and biotechnology. 42, 43 In Ref. 11, we proposed an integrated bottom-up-topdown approach to produce ordered arrays of silver optical nanolenses. In the method, silver nanoparticles aggregates are deposited (that is, the bottom up part of the process, 1) within well-defined patterns created by electron beam lithography on silicon substrates (that is, the top down part of the process, 2) where electroless deposition [44] [45] [46] is a chemical process based upon reduction from metallic ions and allows precise control over the nucleation and growth of nanoparticles.
In Ref. 47 , experiments and exploratory molecular dynamics simulations of self-aggregation in cylindrical nanostructures permitted to decipher the rules governing the evolution of the silver nanoparticles growth front in devices where the aspect ratio was varied over a significant range. In Ref. 14, a DLA simulation method was utilized to gain insight into the mechanisms of electroless formation in aggregates in which the size of the patterns is varied over a significant range. The cited last two examples support the notion that pioneering nanofabrication techniques should be accompanied by appropriate theoretical models.
Here, we expanded and improved the DLA model utilized in Ref. 14 to address and resolve the multi-scale problem of electroless particle formation as a function of pattern distance. The use of a DLA framework is motivated by mathematical convenience and the accuracy of the model to explore ways to tailor film morphology to obtain specific characteristics. This scheme was utilized to predict the electroless growth of nonperiodic geometries; in doing this, we demonstrated that the spacing of the patterns of deposition is an important factor that should be correctly considered in the design of devices where particles' aggregation and the derived effects thereof play an important role.
In Fig. 6 , additional experiments confirm the predictions of the DLA model. Particles were realized with a nominal size of d ¼ 50 nm and a varying particle distance. When the particles are in close proximity, as in Fig. 6(a) (d ¼ 2 d) , their size or dimension is reduced; differently from this, when the particles are separated as in Fig. 6(b) (d > 3 d) , the dimension of the spheres is augmented with no other constraints. Remarkably, the variation in size is consistent with the diagram in Fig. 5 This original information should be used for the correct design of metal nanopatterns. The packing factor presented in Fig. 5(e) has the meaning of the effective particle diameter for a given pattern spacing. The size increment, or gain, with respect to a lattice where the spacing between the patterns equals the diameter of those patterns
can be regarded as a multiplication factor by which a nominal pattern of size d 0 has to be multiplied to obtain an effective pattern of size d ¼ gd 0 , in an array of structures where the lattice constant is d.
This understanding may be combined with the effect of pattern size derived in Ref. 14 to obtain design maps for electroless metal nanomaterials. These design maps (currently under development, and of which in Fig. 8 in Appendix C is reported a preliminary representation), derived for specific values of time and temperature of deposition, would give a quantitative indication of the growth efficiency (that is, g) of a system as a function of diameter and gap of the pattern. Their usage would be simple. An engineer interested in producing a particular metal nanopattern can enter the diagram with specific values of (nominal) size and gap and read the effective diameter increment that the structure would reveal for fixed conditions of growth.
Somewhat similar in concept to the periodic table of chemical elements, but more akin to phase diagrams in their graphic presentation, these design maps may provide guidance for the development of optimized metal nanomaterials obtained via electroless deposition for a variety of applications. These maps and their more sophisticated evolution that will be developed over time will allow for the fabrication of metal, electroless grown nanomaterials on a quantitative basis, similarly to the design of experiments concept routinely utilized in engineering.
V. SUMMARY AND CONCLUSIONS
Silver NPs aggregates with an overall size in the nanometer range were fabricated employing nonconventional site selective electroless techniques and electron beam lithography. Electroless is a novel deposition technique in which metal ions are reduced as atoms on specific patterned sites of a silicon surface, to form nanoparticulates with the desired characteristics. In varying the spacing of the patterns over a significant range, we observed a very high sensitivity of the roughness of the resulting aggregates to the distance of the patterns. More specifically, we found that the efficiency of growth increases with the distance, in the sense that when the clusters are closer, the packing factor of these is low and, vice versa, when the patterns are sufficiently distant, the packing factor is large. Here, close and distant have the particular meaning of smaller and larger than a particular threshold, that is, a correlation distance below which the interference between the clusters is significant. Therefore, a number of clusters that are farther from each other than this correlation distance would behave like a set of independent systems and the electroless growth, the NPs aggregates and the properties thereof can be described like those of an isolated system. This critical limit, for the particular subset of parameters used here, is about three times the pattern diameter.
These experimental findings were explained within the framework of a DLA model where it is assumed that, in the > 3d) , the effective size of the nanoparticles is larger, being d ¼ 50 nm. (c) Ultrahigh resolution image of a silver particle in a small packing pattern (d ¼ 2d); for this configuration, the particle reveals an oblate shape with an effective size of 30 nm that is roughly half the size of the nominal diameter. (d) Ultrahigh resolution image of a silver particle in a large packing pattern (d > 3d); for this configuration, the particle reveals a spherical shape with an effective size of 50 nm that is practically equal the nominal diameter. (e) AFM profile of a nanoparticle in a pattern with a small lattice constant (d ¼ 2d). (f) AFM profile of a nanoparticle in pattern with a large lattice constant (d > 3d).
limit of very fast chemical reactions, diffusion is the sole driving force that regulates the dynamics of aggregation of NPs. Collectively, these results suggest that the distance between different groups of NPs clusters is an important parameter that cannot be neglected in designing devices that utilize rough metal surfaces and their effects, including the very large area of SERS substrates, especially pertaining the single molecule detection issue. 
APPENDIX A
In Fig. 7 , we schematically show the local concentrations effects, that is, to which extent metal ions are available to growth in close proximity of a pattern. Every pattern (well) would have a certain number N of metal ions immediately above and beside it, comprised in certain region of interest. These particles represent the candidates for being deposited in a single pattern in a given amount of time. When the patterns are sufficiently close, the cited regions of interest would to a certain extent superimpose, and thus, the free particles available for growth would reduce per each pattern.
APPENDIX B
On observing the clusters of silver nanoparticles deposited on different circular patterned surfaces, one can notice that the growth is more pronounced on the borders or edges of those patterns. This effect can be ascribed to a nonuniform distribution of surface energy density, which, on the edges, is larger than on flat surfaces.
Nanostructures and nanomaterials possess a large fraction of surface atoms per unit volume. The ratio of surface atoms to interior atoms changes dramatically if one successively divides a macroscopic object into smaller parts. For example, for a cube of iron of 1 cm 3 , the percentage of surface atoms would be only 10 À5 %. When the cube is divided into smaller cubes with an edge of 10 nm, the percentage of the surface atoms would increase to 10%. This mechanism is responsible for the augmentation of surface energy of at the edges or perimeter of a surface. While the surface energy of flat silicon is c ¼ 1.82 J/m 2 , 49 at the edges of silicon c can be larger of several orders of magnitude. In those areas, the materials are highly reactive and would induce a faster deposition, reduction, and formation of silver atoms into aggregates. 
